A laboratory-based double X-ray spectrometer for simultaneous X-ray emission and X-ray absorption studies
Introduction

X-ray methods in material and electronic structure determination
Nowadays researchers routinely use X-ray radiation in structural studies on complex systems. So far a variety of approaches have been developed allowing structural studies in chemistry, biology and materials science both in laboratories and at large scale facilities. For example, in X-ray diffraction (XRD) the investigated material is irradiated with an X-ray beam and the elastically scattered photons are detected. 1 The measured dependence of the scattered photons' intensity on the scattering angle is used to determine the spatial distribution of electron density in the sample, and thus the structure of the material. The electronic structure may be probed with X-ray photoelectron spectroscopy (XPS), a surface-sensitive method where the sample is excited with X-ray radiation and the ejected photoelectrons' spectral energy distribution is measured.
2 XPS data enable elemental identication as well as characterization of the sample's chemical state.
X-ray spectroscopy is the ensemble of approaches dedicated to determination of the energy distribution of the atomic electrons' quantum states under different conditions. 3 It is traditionally split into X-ray emission spectroscopy (XES), focused on the study of the radiation emitted from matter through X-ray uorescence (XRF) and resonant X-ray scattering, and X-ray absorption spectroscopy (XAS) aiming at measuring the dependence of X-ray absorption in materials on the radiation energy. Owing to the penetrating properties of X-ray radiation, X-ray spectroscopy methods are bulk-sensitive. There are, however, approaches allowing enhancement of the surface signal through either reducing the detection scope to a sample's thin layer (grazing emission X-ray uorescence, GEXRF) or inducing X-ray emission uniquely in a thin layer of the sample (total reection X-ray uorescence, TXRF, and grazing incidence X-ray uorescence, GIXRF). [4] [5] [6] The use of XES and XAS in chemical analysis is routinely focused on the determination of the density of states (DOS) of atomic electrons as a function of their energy in the vicinity of the Fermi level or, in other words, on probing of the valence and conduction bands of the material under study. This discipline is extensively applied in many research elds such as chemistry, medicine, biology and materials sciences (see, e.g., ref. [7] [8] [9] [10] [11] .
Among X-ray spectroscopy instrumentation techniques researchers commonly distinguish the so-called energydispersive spectrometry (EDS) and wavelength-dispersive spectrometry (WDS). [12] [13] [14] [15] EDS is based on the use of detectors (such as gas counters, scintillators and solid state detectors) for detection of photons and for analysis of their energy. EDS devices are characterized by a broad energy range of detection in a single measurement (from a few keV to tens of keV) and short photon collection times. EDS is frequently used for XRF detection to determine complex samples' chemical compositions but because of its poor energy resolution it is not able to be used to precisely study the electronic structure. WDS instruments, X-ray spectrometers, cover a much narrower energy range in a single measurement (up to about 200 eV) and are less efficient and more difficult to operate than EDS detectors. In WDS, however, an analysing X-ray crystal is used for spatial dispersion of photons of different energies and an X-ray detector is used only for photon counting and photon energy discrimination which makes X-ray spectrometers' energy resolution far beyond those of the EDS devices. WDS allows precise electronic structure determination and until recently its laboratory use was focused only on fundamental research. 16, 17 1.2 Challenges of application of X-ray spectroscopy at the laboratory scale
Use of X-ray spectroscopy in applied sciences is governed by three technical factors: access to X-ray sources, availability of X-ray spectrometers and characteristics of the investigated sample. These factors ensure that most analytical studies are executed at central facilities like synchrotrons, highly specialized large scale facilities developed for production of very bright, coherent, energy-tuneable and monochromatic electromagnetic radiation. They are nowadays equipped with sophisticated X-ray detection systems that enable high energy resolution of detection and high data collection rates. They also provide tools for sample preparation and manipulation. However, access to synchrotrons is not straightforward as each experimental proposal is subjected to an evaluation procedure, which requires time and does not guarantee a priori the granting of beam time. In addition to granted access, the experiments are oen limited by the access time, oen a few days. Moreover, many experiments require complicated and fragile sample environments that cannot be easily shipped and/or accommodated at large scale facilities. The same is valid for materials that require special safety procedures and oen cannot be transported by means of public transport to foreign synchrotron centres. As a result, challenging and urgent scientic questions are addressed rst at synchrotrons rather than systematic studies on dedicated subjects.
Recent development of X-ray instrumentation enabled researchers to apply X-ray spectroscopy in certain analytical studies at the laboratory scale. [17] [18] [19] Combination of compact polychromatic X-ray sources with X-ray focusing optics allowed the photon ux to be increased (as expressed in photons per (s cm 2 )) and new charge-coupled device (CCD) detectors gave a good compromise between the cost, energy resolution and data collection rate. 14,20 A permanent laboratory-based setup allows the development of sophisticated sample environments and provides more exibility in scheduling of the measurements. The main factor limiting the performance of a laboratory X-ray setup is its source's brightness which is much lower than a synchrotron's. It necessitates use of concentrated samples, which is unpractical in certain, especially biological, cases.
Nevertheless, laboratory X-ray setups allow routine ground state sample characterization and ngerprinting as well as long-term measurements, ideal to follow slow changes that are inconceivable at central facilities.
Laboratory X-ray spectroscopy setups
High-energy resolution X-ray spectrometers are powerful instruments used to determine the electronic structure of matter and have found many applications in a variety of scientic areas. In general, X-ray spectrometers rely on X-ray dispersion by a crystal providing high-energy resolution for Xray detection. In order to access detailed information about the electronic structure of matter, the energy resolution has to be around 0.1-5 eV in order to be comparable with the natural lifetimes of the studied electronic states of an atom. There are four relevant X-ray emission spectrometer geometries: von Hámos, 21 Laue-type DuMond, 22 Johansson, 23 and Johann, 24 each with specic advantages and disadvantages. Based on the available reports, 18,25 the von Hámos geometry allows low-cost development of compact and versatile X-ray spectrometers.
The von Hámos spectrometer is based on a cylindrically bent analyser crystal which disperses the photon energy along one axis and focuses the X-ray photons along the second axis. Bending the crystal, typically to a radius curvature of a few tens of cm, allows the detection efficiency to be increased by enhancing the solid angle of detection. It may, however, cause crystal strain and in consequence lead to the deterioration of its resolving power. For this reason, in certain applications the analyser crystal used is not bent but built up of at crystal segments pressed onto a curved substrate. 26 In the von Hámos geometry the sample is placed at the centre of the crystals' curvature and the X-rays are imaged on either a 1D strip detector or a 2D detector. This generates an emission spectrum in a single measurement without any detector or crystal motion. It has proven to be extremely useful for tracking fast chemical kinetics where a full X-ray emission spectrum can be collected on the ms timescale or faster 27, 28 as well as for shot-to-shot acquisition at X-ray free-electron laser facilities. [29] [30] [31] The drawback to this geometry is that the collected uorescence solid angle is dispersed over a large energy range, reducing the photon ux per eV.
X-ray emission spectroscopy (XES) has been used for a long time in laboratories to study different chemical effects [32] [33] [34] and laboratory X-ray absorption spectroscopy (XAS) has already allowed absorption spectra acquisition for dilute samples in the 1990s. 35 Also recently a handful of research groups have undertaken activity to develop different laboratory experimental setups for XES and XAS. 17, [36] [37] [38] They have shown that such setups allow synchrotron quality spectra acquisition within a few hours of measurement. However, unlike synchrotrons, such instrumentation can be developed around dedicated projects and used almost continuously over an entire year delivering experimental data and approaches that can be further used in large scale facilities. Herein, we report a new laboratory von Hámos geometry-based experimental setup for simultaneous XES and XAS measurements.
Laboratory setup for simultaneous XES and XAS studies
The setup is composed of an X-ray source, the sample and two von Hámos geometry-based X-ray spectrometers, 21, 26 one for the measurement of the radiation transmitted through the sample (XAS measurements) and another for the emitted uorescence detection (XES measurements) (see Fig. 1 ). The X-ray source is an XOS X-Beam Superux PF X-ray tube with a Mo anode and integrated focusing optics. The maximum voltage and the maximum current at which it can operate are 50 kV and 1 mA, respectively, and divergence of the beam exiting the polycapillary focusing optics is about 3
. The crystals used are two cylindrically bent Si(440) of 25 cm radius of curvature. The diffracted radiation is registered by two Andor Newton DO920P cameras equipped with 250 mm-thick Be windows and frontilluminated CCD sensors of 1024 Â 256 26 mm-sized pixels. The cameras are connected through anges to a vacuum pumping system decreasing the pressure in the sensors' proximity down to 10 À7 mbar. This allows us to safely cool down the sensors to À70 C by means of thermoelectric coolers integrated in the cameras. The apparatus is enclosed in a compact shielding box occupying a volume of about 112 (width) Â 112 (depth) Â 162 (height) cm 3 and equipped with walls movable up and down.
The entire setup is maintained in air at room conditions. We wish to emphasize that the system does not require any scanning or moving components. The setup is motor-free and the alignment is done manually. The motorized positioners can be, however, employed in cases where frequent realignment of the elements is necessary. The application of a two-dimensional (2D) position-sensitive detector in the von Hámos geometry is compatible with focusing the excitation X-ray beam to a line. Such line focusing allows the engagement of more photons in the interaction with the sample and thus increases the signal intensity. We, however, opted for the point focusing geometry as it facilitates studies with very small amounts of material (micro-to milligrams) and with sample delivery methods such as liquid jets and ow-through cells. 2D CCD cameras were used because, thanks to their capability of selecting a pixel range on the sensor, they allow much better signal-to-noise ratios to be achieved than one-dimensional detectors.
The setup was commissioned using samples of different types: solids, powders 39 and liquids and the detection limit has been determined to be around 0.2 mol L À1 (i.e. 11 000 ppm). In the sample preparation the target thickness is controlled in order to provide optimal signal strength from both the XES and the XAS units. The sample thickness control is also important because nonuniformity in the target's structure may alter the shape of experimental spectra. We avoid it by preparing targets of well-dened thickness by, e.g., placing liquids in cuvettes of regular shape or embedding powders in cellulose matrices. The potential sample nonuniformity or inhomogeneity is mitigated by the micrometre size of the X-ray beam.
Microfocusing and energy discrimination
The main challenge in the setup development was establishing a compromise between sufficient X-ray source's output photon intensity with the micrometre size of the X-ray beam focus. The applied polycapillary optics reduces the primary X-ray beam intensity by a factor of 10-50 (depending on X-ray intensity) which results in an output X-ray intensity of nominally about 5 Â 10 8 photons per s at full power in the Mo K-series X-ray lines' energy domain which is considerably lower as compared to regular low-power X-ray tubes. On the other hand, the optics allows focusing of the X-ray beam to a relatively small spot (100 Â 100 mm 2 ) and hence mitigates the effects of sample nonuniformity. Variation of the material density in the beam eld may have a strong impact on the data acquired with any wavelengthdispersive detection system and may lead to measured spectral misinterpretation. Reduction of the irradiation area is in fact the only solution in many cases where preparation and adaptation of samples with uniform composition on a large area are not feasible because of insufficient amounts of sample being available or other experimental aspects. Another effect that needs to be considered when using an Xray tube in combination with any crystal X-ray spectrometer originates from the broad spectrum of the X-ray tube's beam and the Bragg's law allowing different orders of diffraction of radiation by crystals. The Bragg's law allows diffracted photons of different energies to propagate at the same angle and the photon energies allowed in the diffraction at a given angle depend on this angle, the crystal's lattice spacing and the diffraction order which takes on values from the set of positive natural numbers. As the X-ray tube delivers a spectrum beam spanning over many kiloelectronvolts, the radiation diffracted by the crystal and registered by the detector comes effectively from different diffraction orders. This effect is demonstrated in Fig. 2 presenting low energy resolution spectra of the X-ray tube's beam diffracted by the crystal and recorded by the Andor Newton DO920P CCD camera during the Fe K, Ni K and Cu K XAS measurements. As shown, though the setup was adjusted to detect the radiation diffracted by the Si(110) crystal in the order of diffraction n ¼ 4, the detector registered contributions of other diffraction orders as well. If the detector does not have sufficient energy resolution and the electronics does not provide the capability of adequate count discrimination based on the photon energy, the recorded signal will effectively reect the total counts of photons diffracted at all diffraction orders and hence have very different energies. As a consequence, the XAS function, determined as Àlog[I tr (E)/ I inc (E)], where I inc (E) and I tr (E) are, respectively, the spectra of the beam incident on the sample and of the transmitted one, will exhibit incorrect ratios of the spectral features. 36 In the present work this problem is mitigated by using a detector of the relative energy resolution of about 4 to 5 Â 10 À2 and capable of lower and upper energy threshold applications. The energy spectrum of the CCD detector clearly resolves the detected photons coming from different diffraction orders and allows ltering out of only the contribution of the required diffraction order.
Simultaneous Kb XES and K-edge XAS measurements
To demonstrate the capabilities of the experimental setup, simultaneous Kb XES and K-edge XAS measurements were performed for Fe, Ni and Cu metal foils of a nominal thicknesses of 5 mm each. The X-ray tube's voltage and current were set to 40 kV and 0.9 mA, respectively, and the CCD sensors were cooled down to À40 C. The incident beam spectrum was measured for about 10 hours with a foil out of the beam. With a sample in the beam focal point, the Kb XES and the transmitted beam spectrum were measured simultaneously. The capability of the setup is presented in Fig. 3 , where it is shown that already a 2 hourmeasurement provides good quality data with statistical uncertainty at the level of 0.008 s À1 eV À1 and 0.012 eV À1 for the Kb XES and the K-edge XAS measurements, respectively. Increasing the acquisition time to 20 hours results in the reduction of uncertainty by a factor of 3 and provides detailed information on the shape of the valence-to-core structure. Due to the ne size of the CCD pixels of 25 mm, the raw measured spectra are oversampled giving an average energy step per pixel of 0.15, 0.23 and 0.23 eV for Fe K-, Ni K-and Cu K-edge XAS measurements, respectively. Since these values are much lower than the setup's resolving power, a binning of 5 was applied to all the acquired spectra, i.e. the number of counts registered in the full pixel range was summed in groups of 5 neighbouring pixels. The energy calibration was done by tting the positions of spectral features in the obtained spectral curves and of the corresponding ones in the reference data [40] [41] [42] [43] [44] assuming the Bragg's-law form of the pixel-toenergy conversion function.
The results of the simultaneous Kb XES and K-edge XAS measurements on the three metal foils studied are presented in Fig. 2 Low energy resolution spectra of the X-ray tube's beam diffracted by a Si(110) crystal at angles 65.2 (blue), 50.8 (red) and 46.0 (black), i.e., as in Fe K-, Ni K-and Cu K-edge XAS measurements, respectively. The bottom scale is described in analog-to-digital units (ADUs) returned by the detector electronics. The upper scale was calibrated using the Fe K, Ni K and Cu K peaks' centers which depend on the Fe K, Ni K and Cu K binding energies, 7112, 8333 and 8979 eV, respectively. The horizontal bars at the plot's bottom show the pixel value discrimination intervals (each 35 ADU-long) used in the data processing. The plotted results demonstrate that the used CCD's energy resolution allows us to clearly discriminate the photons diffracted in the diffraction orders n ¼ 4 and n ¼ 6. Fig. 3 The simultaneous Fe Kb XES and Fe K-edge XAS measurement for two acquisition times: 2 hours (blue line) and 20 hours (black line). Fig. 4 . Kb features observed in the XES spectra are the main Kb 1,3 X-ray line arising from the 3p / 1s electron deexcitations and much weaker Kb 2,5 emission resulting from electron transitions from the valence band to the core 1s level. In the K-edge XAS measurements electron excitations are involved from the core 1s energy level to the valence levels (4p and the unlled 3d) and to the continuum of states. The spectra shown in Fig. 4 demonstrate the high energy resolution of the X-ray setup and, despite the moderate count rate, ability to resolve as weak spectral features as valence-to-core emission lines.
There is a visibly better performance in the case of measurements on the Fe foil which results mainly from the smaller Bragg angle (greater solid angle covered) as well as the detectors' higher quantum efficiency in this energy domain (see Table 1 ). The obtained spectra are in very good agreement with the published data. [40] [41] [42] [43] [44] Note that the published XAS spectra 41, 43, 44 shown in Fig. 4 were acquired with synchrotron radiation and they exhibit the same features with, however, lower resolution as compared to our setup's. The superiority of the developed setup's energy resolution originates from two factors. First, due to the order of diffraction n ¼ 4, greater than the one used in synchrotron experiments with a double-crystal monochromator (typically n ¼ 1 or n ¼ 2), the Darwin width is smaller. Second, following the Bragg's law, the energy resolution is proportional to the cotangent of the Bragg angle and in our setup the angles used, 46.0-66.2 , are much higher than the angle of diffraction on the synchrotron's monochromator, which is typically below 30 . Analysis of the measured XAS spectra showed that the best t to the reference curves is achieved if the experimental data are additionally blurred with a Gaussian kernel of the full width at half maximum (FWHM) of about 1 eV. Thus the developed setup's relative energy resolution is at the level of about 1 to 2 Â 10 À4 . The clear discrepancy in the Ni K XAS spectra around 8398 eV results from the W La 1 emission in the X-ray tube's cathode. This signal cannot be ltered out using photon energy discrimination in the CCD detector because the W La 1 photons are diffracted in the same diffraction order.
Determination of valence and conduction bands' structure
While the Fermi-level determination by coupling XES and XAS has a long history, 45 the developed X-ray setup allows for the rst time simultaneous XES and XAS measurements using a single X-ray source. One of the unique capabilities provided by a simultaneous XES and XAS measurement is detailed determination of the electronic structure in the atoms of interest under the very same sample conditions. This is very relevant in cases where the sample undergoes controlled transformation that cannot be reversed or the conditions cannot be easily repeated. Moreover, simultaneous measurements allow highly precise determination of the valence and conduction bands' relative positions. The XES spectra carry information on the density of occupied electronic states (valence band) while the XAS spectra depend on the density of unoccupied states (conduction band). The simultaneous XES and XAS measurement thus provides complementary information on the density Fig. 4 The simultaneously measured Kb XES (left-hand side) and Kedge XAS spectra (right-hand side) for Fe, Ni and Cu foils (black dots). The reference spectra used in the energy calibration are also shown (red line). [40] [41] [42] [43] [44] The valence-to-core emission lines are enlarged in the insets. The XAS spectra plots show the absorbance calculated using the transmitted and the incident beam spectra I tr and I inc , respectively. The statistical uncertainty does not exceed 0.003 s À1 eV À1 and 0.008 eV À1 in all the presented XES and XAS spectra, respectively. (8) of states (DOS) and allows determination of the forms of valence and conduction bands. Fig. 5 presents Cu Kb XES and Cu K-edge XAS spectra in the vicinity of the Fermi level measured with the developed setup and calculated with FEFF soware. 46 As shown, the general trend of calculated spectral curves and the strength of their features are in good agreement with the shape of experimental spectra. Partial DOS calculations show that the d-states hybridized with the pstates have the strongest contribution to the valence band and the conduction band is composed mainly of the s-and p-states. Shapes of the measured XES and XAS spectra should be regarded as a projection of the p-DOS because of the dipole selection rules for transitions involving the core 1s electronic state.
Conclusions
Laboratory X-ray setups are gaining popularity due to their cost effectiveness and, once built, unlimited availability as compared to beam time at any 3rd or 4th generation radiation facility. The developments are also driven by new technological solutions delivered in areas of X-ray sources, optics and detectors. Such setups allow ground state sample characterization and even slow chemical reaction tracking. This work reports on a recently constructed laboratory X-ray setup uniquely characterized by the capability of simultaneous XES and XAS measurements. The setup is composed of an X-ray tube and two X-ray spectrometers in the von Hámos geometry which makes it very compact and adaptable to different sample environments. Surrounded by a shielding box with movable walls, it does not need more space than a small lab's corner.
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